This paper addresses the important role of water in geohazard and failure in urban underground excavation. These so-called underground water-related hazards, such as leakage of the tunnel eye due to launching and docking of the shield, failure of the cross-passage excavation, and failure of the retaining wall caused by water ingress for deep excavation, often lead to catastrophic disasters. Leakage of the tunnel eye during shield launching that results in failure was selected for further analysis using finite element simulations. According to this work, the flush-in of water mainly leads to the failure of soils located at the invert of the tunnel immediately behind the wall, and gravity is the cause of such failure phenomena; these findings agree with field observations. A significant reduction in the pore pressure of soils behind the wall associated with water relief through the tunnel eye and the quantity of water flow into the excavation is predicted. Piping failure is also suggested to occur during shield launching under the current arrangements. Finally, according to parametric studies, reducing the soil permeability and increasing the cohesion force are recommended to prevent the opportunity for failure.
Introduction
Modern underground excavations are frequently utilised to expand the underground space in modern cities, and deep excavations and tunnelling are used as tools for the construction of urban underground spaces. However, such large-scale excavations often lead to accidents that cause the loss of property and human life. These accidents and hazards are frequently connected with groundwater. Despite this fact, studies of such collapse and hazards in the geotechnical aspects of urban underground excavation are mainly focused on observations, mitigation measures, and the possible reasons leading to hazards based on case histories of previous studies. In this paper, in contrast to previous studies, modelling and the mechanism of geohazards due to groundwater in urban underground excavations (mainly deep excavation and tunnelling in highly permeable ground with a high ground water level) are provided and discussed. The roles of water in the failure mechanism, the pore pressure distribution and changes, the groundwater flow direction, and the quantity of water flow caused by launching the shield are included in the simulation. Finally, the impacts of the permeability, strength, and stiffness of improved soils on the failure of soils are also examined.
Geohazards Caused by Groundwater in Cases of Urban Underground Excavation
Wagner and Knights [1] highlighted the geohazard and risk management of underground construction and stated that the financial losses from 15 major tunnels within 10 years exceeds USD 500 million. To minimise the risks due to underground construction activities, many professions and organisations, such as the British Tunnel Society [2] , Eskeren et al. [3] , GEO [4] , and The International Tunnelling Insurance Group [5] , have proposed a variety of follow-up guidelines or codes of practice. At the same time, using the metro system as an example, Moh and Hwang [6] 3 Geofluids region and, among them, estimated that 10 were directly caused by groundwater, which is a very high proposition, as listed in Table 1 . As categorised by Moh and Hwang [6] , the geohazards related to groundwater for urban underground excavations are stated in Table 1 and include leakage at the tunnel eye (via launching or docking of the shield in Geofluids the shaft), failure of cross-passage excavation in the tunnelling process, and failure of the retaining wall or diaphragm wall caused by water ingress during deep excavations as well as rupture of water mains or sewers caused by the nearby construction activity of deep excavations or tunnelling. Through risk assessment, the geohazards stated above for urban underground excavations are recognised as high-risk activities and could lead to severe damage. However, none # Using the function of UC test implemented in PLAXIS, an equivalent undrained shear strength (Su) of routed sand is thus defined. Through an empirical approach [15] , an assumption of Eu = 500 Su is adopted to determine the undrained Young's modulus (Eu). Effective soil stiffness E′ is required to be applied in the analyses so an equation of E ′ = 2 (1 + v')/3 × Eu is used to determine E′ (0.3 of ν′ is used). * In engineering practice, standard requirement of improved soils outside the pit for launching of shield is in the range of 1 × 10 −5 to 1 × 10 −6 cm/sec but tends to be stricter (1 × 10 −6 cm/sec) for highly permeable ground (such as sand) with high ground water level to reduce the risk [16] Launching of the shield 5 Geofluids of the literature has previously stated how to access and quantify the impact of groundwater on failure using numerical technologies, especially for highly permeable ground with a high groundwater level.
Considering the statements above, fatal failures caused by the groundwater during urban underground excavation and the launching of the shield in the shaft are further analysed and discussed in this paper. In addition, the impacts of the permeability, strength, and stiffness of improved soils on failure are examined.
Construction Background and Analytical Approaches
The construction background associated with launching of a shield in a working shaft is introduced first. In an 7 Geofluids urban underground infrastructure system, very often, shield-machine bored tunnels are adopted instead of cut-and-cover tunnels to reduce the interruption of traffic and daily life of the population on the surface level. To initiate tunnelling, the working shafts must be constructed at two ends of the tunnels to allow the shield to be 9 Geofluids initially assembled and launched at the shaft of one end and then the excavation of the tunnel to gradually continue until reaching the other end of the tunnel. Once the tunnel excavation has been completed, the shield is docked in the shaft at the other end of the tunnel and then disassembled. A schematic drawing of the launching of a shield tunnelling activity is presented in Figure 1 . To prevent water ingress leading to failure during launching of the shield, the soil must be grouted to form a grouted box outside the shaft. In this manner, soil strength and stiffness are increased and soil permeability is reduced to allow the break-in of the retaining wall of the shaft to be delivered for shield launching and eliminate the opportunity for failure caused by water ingress.
A simulation of the failure caused by water ingress via launching of the shield is conducted first. Senthilnath [7] has simulated underground docking of a tunnelling boring (shield) machine, which involves a mechanism similar to the mechanism of launching; however, the goal was to simulate docking of the machine in a shaft constructed in low permeable rock bed without failure, which differs from the goals of this paper.
Referring to Hsiung et al. [8] , part of the same excavation is assumed as the pit used for launching of the shield. The pit is retained by a 0.9-m-thick and 32-m-deep reinforcement concrete diaphragm wall with additional four-level horizontal struts. The maximum excavation level reaches 16.8 m below ground level. Figure 2 presents the cross section and ground profile of the excavation. A half-symmetric model for the excavation is made, and the size of the model is set as 80 m × 60 m × 60 m. In principle, the boundaries are established at places that are not affected by any construction activity or where the ground is sufficiently stiff. The model consists of 93,847 ten-node tetrahedral elements with a total of 132,018 nodes. The "very fine" mesh is applied for the improved soil zone, and the "normal" mesh setting is chosen for the rest. The 3-dimensional model is presented in Figure 3 , and analytical software PLAXIS3D with version 2016 is adopted for the analyses. The diameter of the tunnel eye used for launching of the shield that must fit the outer diameter of the shield on the retaining wall is assumed to be 6.1 m. The depth of the center of the tunnel eye is set at 12.95 m below surface level. As stated above, the soils outside the pit must be improved to reduce their permeability and increase their strength; the soil improvement zone outside the pit is assumed to be 10 m long, 9 m wide, and 13.6 m thick. Figure 4 presents the assumed details of the tunnel eye and the soil improved zone in the model.
It is assumed that groundwater is allowed to flow into the model from all directions, except at the surface level and inside the pit. The boundary conditions for the water are shown in Figure 5 . The water flow is closed in the Ymin and Zmax planes but not the other planes.
Because the focus is the failure mechanism caused by water ingress due to launching of the shield, the seepage function must be used instead of elastic-plastic analyses. Moreover, the soil profile is the same as that of Hsiung et al. [8] , and the constitutive model that gives special consideration to small strain behaviour, HS-small (HSS), was selected for original sandy soils; however, the elasticperfect plastic Mohr-Coulomb model was chosen instead for clays and improved soils because of the limits of the available input parameters, the input parameters of improved soils are referred to Dano et al. [9] . The linear-elastic model is chosen for simulation of the reinforcement concrete diaphragm wall. Node-to-node anchor elements and node-tofixed end anchor elements are used for struts in the transverse direction and the longitudinal direction, respectively. Table 2 presents details on the input parameters of the soil and structures used for the analyses.
In engineering practice, the highly permeable soils outside the pit shall be improved by various methods at various levels, with achieving certain level of undrained shear strength of improved soils, in general, as reported in [9] [10] [11] . However, to run fully coupled seepage analyses, the effective strength parameters of improved soils must be given; moreover, as noted by Dano et al. [9] , for improved soils, the effective friction angle is one to four degrees higher than that of the original soils. By using the "triaxial test" function implemented in PLAXIS3D, it is recommended that 100 kPa of equivalent cohesion force and 34 degrees of equivalent effective friction angle shall be determined for improved soils based on 120 kPa of undrained shear strength. To further reduce the running time of analyses, the wall installation and main excavation of the pit are assumed to be "wished-in-place (WIP)" analyses, i.e., displacements induced by both stages are ignored. Table 3 presents the construction phases used for simulation of the launching of the shield. Figure 6 presents the failure points caused by launching of the shield, and all failure soils are presented in terms of the angle to the six o'clock direction and the distance to the tunnel center. The angle is in the range of 19.6 to 78.1 degrees in the clockwise direction, and the distance remains the same with the radius of the tunnel eye (3.05 m). All failure soils are located immediately behind the wall, mainly at the invert of the tunnel (the points in red, named "A," "B," "C,"
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and "D"); further discussion regarding the locations of the failure soils are provided in a later section. Figure 7 shows the pore pressure distribution at various stages for soils immediately behind the wall in the transverse direction. The pore pressure almost does not change until the completion of the main excavation. It is likely that the size of the excavation is not huge, with cut-off reinforcement concrete retaining walls, and a layer of impermeable clayey material is found at the depth near the wall toe (at 28.5 m to 30. 5 m below ground level); the necessary dewatering inside the excavation could thus lead to very limited impacts on the pore pressure outside the excavation. However, the pore pressure is significantly reduced in the zone in which the wall (tunnel eye) is broken for launching of the shield; although the soil has been improved and the soil permeability, the strength, and the stiffness are all different for the original soils but not for others, such as Section D-D. Improvement most prominently affects the pore pressure at Section B-B, close to the invert of the tunnel, where the maximum difference is as significant as 100 kPa. The flush-in of groundwater into the pit is thus concluded to cause water relief and reduce the pore pressure of the soils at the back of the wall specifically in soils in the zone close to the tunnel eye.
To further demonstrate the impacts of groundwater on launching of the shield, the pore pressure distribution contour at various stages for soils outside the excavation in the longitudinal direction is presented in Figure 8 . In the same figure, the pore pressure of soils located at 2, 4, 8, and 12 m from the wall along the depth are also plotted; similar to the pore pressure distribution shown in the transverse direction, the pore pressure in this plot remains almost the same during the main excavation stage. Due to the flush-in of groundwater, a decrease in pore pressure as great as 60 kPa is observed at the invert of the tunnel when compared with the stress at the initial stage at the same location for the pore pressure at 2 m away from the wall. Launching of the shield only influences the pore pressure at approximately 7 m to 18 m below the surface level at a degree that is slightly more than the tunnel eye zone, as shown in Figure 8 (c). However, once the distance is farther away, the impact is gradually reduced. Until a distance of 12 m from the wall, the launching of the shield does not cause any change in pore pressure. The major influence on pore pressure distribution is found at a similar depth as the invert of the tunnel, according to the previous discussion; thus, Figure 9 presents the pore pressure change contour at the said depth of the soils. As shown in Figure 9 , regardless of the section, decreases in pore pressure are observed in the locations spanning from immediately next to the wall to 20 m from the wall but remain unchanged for grounds residing at more than 20 m from the wall. It can also be inferred from Figure 9 that Section B-B has the largest change, whereas Section D-D does not exhibit any change at distances greater than 10 m from the wall, because this section is not within the tunnel eye zone.
The effective stress path and the failure mechanism of soils outside the excavation are examined. Figure 10 shows the various soil elements at various locations surrounding the tunnel eye from the view of the transverse direction for soils behind the wall together with the effective stress path of each soil element and its relative locations within the failure envelope. The labels "p'" and "q" indicate the mean effective stress and the deviatoric stress, respectively. Stress relief is observed during the main excavation stage, leading to 13 Geofluids reductions of p' and q. The stress status does not change during the soil improvement stage, and it is presumed that soil improvement is conducted in a limited zone and does not change the stress significantly afterwards, even though the soil properties have been fully changed after improvement. Once the shield is launched, the effective stress of the soils at points A to D (refer to Figure 6 for locations) reaches the failure status; therefore, these points lie on the failure envelope, as shown in Figure 10 . The flush-in of groundwater significantly increases the vertical stress but causes a very limited increase in the effective stress in the lateral direction and is expected to be the reason for the simultaneous increases in p' and q from phase 3 to phase 4.
The effective stress path and failure mechanism of soils at additional locations are also examined from the views in both the transverse and longitudinal directions, as presented in Figure 11 . Similarly, the soil elements closer to the excavation have more significant stress relief at the main excavation stages, such as points E, F, G, and L, rather than points H, I, J, and K. Moreover, because of the flush-in of groundwater, both p' and q increase via a similar trend, where the stress in the soils closer to the wall changes but does not reach failure, as shown in Figure 11 . Figure 12 shows the flow line directly output from the simulation model in both the transverse direction and the longitudinal direction. The size of the arrow implies the quantity of water flow. In either the transverse or longitudinal direction, water flows into the pit mainly in the invert part of the tunnel, consistent with the observations of Moh and Hwang [6] and Ju et al. [12] from accidents caused by the launching and docking of the shield in the pit. This agreement further validates the accuracy of the numerical model 14 Geofluids built in this study. It is anticipated that gravity causes most of the water flow from the invert part of the tunnel into the bottom of the pit. The predicted quantity of water flush into the pit is 0.1225 m 3 per day, which is equivalent to 85 ml per minute.
Ou [13] indicated that the excavation in highly permeable ground may lead to piping failure, which is also closely connected with groundwater, and Pratama and Ou [14] conducted a study using both numerical analyses and an empirical approach to interpret the safety factor against the piping. As indicated previously, the flow line caused by the launching of the shield can be presented, but the software used does not have the function to present the equipotential line and the flow net. Therefore, a personal judgement is required to allow the hydraulic gradient and the safety factor to be interpreted based on the pressure head and coordinates of the related nodes in the model. A schematic drawing of the flow net and the details of the safety factor against the piping calculation are presented in Figure 13(a) . Accordingly, the factor is only 0.09, which should lead to piping failure during the launching of the shield. However, potential of nonfailure case for safety against piping is examined also and it presents the safety factor is much higher but still less than 1, as shown in Figure 13(b) . It means potential of piping failure still exists for nonfailure case which is connected to different definitions and mechanism of failure in analyses. It is thus recommended that an additional check for safety factor against piping of any nonfailure case shall be considered.
To further evaluate the impacts from soil permeability, strength, and stiffness, parametric studies were conducted on geohazards and failure caused by groundwater. Figure 14 presents the failure soils in the model from the views of both transverse and longitudinal directions for the permeability of the improved soils with values of 10 −6 cm/sec, 10 −5 cm/sec, and 10 −4 cm/sec. More failure soils are found to be gradually associated with decreasing permeability, and it is suggested that permeability plays an important role in the control of soil failure. In addition, the failure of soil can be prevented if soil permeability can be reduced through the necessary soil improvement activities. Figure 15 shows the improved soils with the cohesion force increasing from 50 kPa to 200 kPa. As shown in Figure 15 , the soils are likely to fail if only 50 kPa of cohesion exists; however, the status can change to "no failure" for 200 kPa of cohesion. This is consistent with the conclusion of Dano et al. [9] : a higher cohesion force increases the failure strength of the soil and is the basis of such a phenomenon.
Impacts due to the elastic modulus of improved soils are also examined. The elastic modulus of the improved soils is assumed to be 65,000 kPa, 130,000 kPa, and 260,000 kPa. Soils with an elastic modulus of 65,000 kPa can reach the "no failure" status; however, more failure soils were observed once the elastic modulus of the improved soils increases, as shown in Figure 16 . Because the failure strength of improved soils remains unchanged, it is likely that a very small strain can easily cause soils to reach failure once the improved soil becomes very stiff. Therefore, one can draw a conclusion that a very high elastic modulus of the improved soil may not be sufficient to prevent the failure of soils due to groundwater during underground excavation.
Conclusions
The following conclusions can be drawn based on this study: 16 Geofluids
(1) It is well recognised that groundwater plays an important role in urban underground excavation and very often leads to catastrophic hazards. Such hazards include geotechnical failure caused by leakage of the tunnel eye via launching and docking of the shield, failure of cross-passage construction for tunnelling, and failure of the retaining wall or diaphragm wall caused by water ingress for deep excavation as well as rupture of a water main or sewer caused by any construction activity of deep excavation or nearby tunnelling, especially for highly permeable ground with a high groundwater level (2) For geohazards induced by groundwater in urban underground excavation, leakage and failure of the tunnel eye during launching of the shield were selected for further simulation using finite element analyses; this important work had not been previously performed. A three-dimensional model was built to simulate the pore pressure distribution, the quantity of flush-in groundwater, the flow direction, and the failure of soils during launching of the shield. As failure of cross passage and leakage of diaphragm wall related to underground water also often lead to catastrophic accidents, simulations of both matters can be considered to be delivered to understand related behaviours and mechanism in the future (3) Considering current assumptions and the results of the study, it was concluded that most of the failed soils are located at the invert of the tunnel, immediately behind the wall. According to site observations, it is likely that gravity is the cause of such failure phenomena. However, findings also indicate that all soils located 1 m from the wall remain stable and do not fail (4) The pore pressure of soils is significantly reduced during launching of the shield as the ingress of water simultaneously releases the pore pressure of the soils behind the wall. The predicted quantity of water through the tunnel eye during launching of the shield is 85 ml per minute. According to the evaluation of the changes in the mean effective stress (p') and the deviator stress (q), both p' and q increase during the process of shield launching (5) After examining the potential of piping, it is suggested that the current arrangements of improved soils outside the pit would not prevent piping failure during the launching of the shield. However, an additional check for safety factor against piping of any nonfailure case shall be considered due to different definitions and mechanism of failure (6) The results of a parametric study of the impacts of the permeability, strength, and stiffness of improved soils on the geohazards and soil failures caused by groundwater ingress suggested that the reduction in soil permeability and the increase in cohesion force can successfully prevent the opportunities of failure.
In contrast, a very high elastic modulus may not help to prevent the failure of soils
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